Abstract: Fumaric acid is a platform chemical with many applications in bio-based chemical and polymer production. Fungal cell morphology is an important factor that affects fumaric acid production via fermentation. In the present study, pellet and dispersed mycelia morphology of Rhizopus arrhizus NRRL 2582 was analysed using image analysis software and the impact on fumaric acid production was evaluated. Batch experiments were carried out in shake flasks using glucose as carbon source. The highest fumaric acid yield of 0.84 g/g total sugars was achieved in the case of dispersed mycelia with a final fumaric acid concentration of 19.7 g/L. The fumaric acid production was also evaluated using a nutrient rich feedstock obtained from soybean cake, as substitute of the commercial nitrogen sources. Solid state fermentation was performed in order to produce proteolytic enzymes, which were utilised for soybean cake hydrolysis. Batch fermentations were conducted using 50 g/L glucose and soybean cake hydrolysate achieving up to 33 g/L fumaric acid concentration. To the best of our knowledge the influence of R. arrhizus morphology on fumaric acid production has not been reported previously. The results indicated that dispersed clumps were more effective in fumaric acid production than pellets and renewable resources could be alternatively valorised for the biotechnological production of platform chemicals.
Introduction
Fumaric acid is considered a platform chemical with several applications in bio-based chemical and polymer production. It is used mainly as a food acidulant and as chemical feedstock for the production of paper resins, unsaturated polyester resins, alkyd resins, plasticizers, and miscellaneous industrial products [1] . The global fumaric acid market demand was estimated as 225.2 kt in 2012 and it is expected to be over 300 kt in 2020 [2] . The production of fumaric acid is based on the isomerization of maleic acid derived originally from n-butene [3] . The petrochemical method has the advantage of high production yields, compared with the biotechnological production through
Materials and Methods

Microorganisms and Growth Media
Fumaric acid production was studied using the fungal strain Rhizopus arrhizus NRRL 2582, which was purchased from the ARS Culture Collection (NRRL) (Peoria, IL, USA). The fungus was cultivated in slopes containing 50 g/L soybean cake and 20 g/L agar, for six days at 30 • C and further propagated in Erlenmeyer flasks of 250 mL, which contained the same growth medium as in slopes, in order to form adequate quantities of spores. In particular, spores from slants were washed with 5 mL of sterilised water supplemented with 0.01% (v/v) of Tween 80 (Sigma-Aldrich, St. Louis, MO, USA) and then 2 mL were aseptically transferred to sporulation medium following incubation at 30 • C for three days. Fungal spore suspension was obtained by adding 50 mL sterilised water with 0.01% (v/v) Tween 80 and glass beads and the spores were liberated by vigorous shaking of the flasks [18] . The spore suspensions were collected and stored in cryovials, filled with pure glycerol, at −80 • C. The vials containing spore suspensions were used to inoculate pre-culture medium. All media were autoclaved at 121 • C for 20 min.
The fungal strain Aspergillus oryzae was kindly provided by Prof. C. Webb (University of Manchester, UK) and was utilised for the production of crude proteolytic enzymes. The strain was originally isolated and purified by Wang et al. [19] , from a soy sauce industry (Amoy Food Ltd., Hong Kong, China). Storage, maintenance, sporulation, and inoculum preparations of the fungal strain A. oryzae have been described in previous studies [18, 20] .
Raw Materials Used as Fermentation Media
Soybean cake, a by-product of the biodiesel production process, was kindly provided by Petrobras (Rio de Janeiro, Brazil).
Crude Enzyme Production by Solid State Fermentation
Solid-state fermentations (SSF) were carried out in 250 mL Erlenmeyer flasks, containing 5 g (on dry basis, db) of soybean cake and sterilized at 121 • C for 20 min. Fungal spore suspension of Aspergillus oryzae was used to inoculate the SSF so as the inoculum spore concentration was approximately 2 × 10 6 spores/mL and the moisture content of the substrate was adjusted at 65% (w/w, db) [18, 20] . All SSFs were incubated at 30 • C for up to 48 h. Then, the fermented solids were suspended in sterilised water, macerated using a kitchen blender and filtered in order to obtain the crude enzyme consortia suspension, which was subsequently used in soybean cake hydrolysis.
Enzymatic Hydrolysis of Soybean Cake
Enzymatic hydrolysis was performed in 1 L Duran bottles, containing a total concentration of 45 g/L of soybean cake using an initial proteolytic activity of 3.9 U/mL. Duran bottles containing soybean cake were sterilized and then the crude enzyme consortia suspension from SSF was added. The hydrolysis was carried out at different temperatures under agitation and uncontrolled pH. Samples were collected at regular intervals the first 10 h of hydrolysis and then every 24 h. The solids were separated via centrifugation (3000× g, 10 min) and the supernatant was used for the analysis of free amino nitrogen (FAN) and inorganic phosphorus (IP). Hydrolysis yield was expressed as the percentage of total Kjeldahl nitrogen (TKN) to FAN conversion. The experiments were carried out in duplicates and the results represent the mean values obtained.
After the hydrolysis, remaining solids were removed by centrifugation (3000× g, 5 • C, 15 min) following vacuum filtration. The pH of the hydrolysate was adjusted to 6 with 5 M KOH and then was filter-sterilized using a 0.2 µm filter unit (Polycap TM AS, Whatman Ltd., Maidstone, UK). The hydrolysate was further utilised as substitute of the commercial nitrogen sources for fumaric acid production.
Control of Fungal Morphology
The impact of two different cell morphologies (pellets and dispersed mycelium) of R. arrhizus on fumaric acid production was evaluated. The different media compositions and conditions were as follows.
Production of Pelletized Biomass
Pellets were formed in baffled flasks of 1 L filled with 50 mL of the pre-culture medium as depicted in Table 1 . The pre-culture was incubated at 30 • C for 24 h in a rotary shaker with an agitation speed of 180 rpm. The inoculation of the fermentation medium was performed using a 10% (v/v) of the pre-culture. 
-1 1 Byrne and Ward [14] ; 2 modification of Rhodes et al. [17] .
Production of Dispersed Mycelia
Uniformly dispersed mycelia were produced in Erlenmeyer flasks of 250 mL filled with 50 mL of the pre-culture medium, based on a modification of Rhodes et al. [17] pre-culture medium synthesis ( Table 1 ). The pre-culture was incubated at 30 • C for 24 h in a rotary shaker with an agitation speed of 180 rpm and dispersed mycelia was inoculated (10%, v/v) in the fermentation medium.
Fumaric Acid Production
Fumaric acid production by R. arrhizus was studied in 250 mL Erlenmeyer flasks through submerged fermentations. Shake flasks contained 50 mL of a medium, with the following composition (g/L): glucose at initial concentration of 25 or 50; CaCO 3 , 80% of the initial carbon source concentration used in each fermentation; KH 2 PO 4 , 0.6; MgSO 4 ·7H 2 O, 0.4; ZnSO 4 ·7H 2 O, 0.044; FeCl 3 ·6H 2 O, 0.016; tartaric acid, 0.0075; corn steep liquor, 0.5 mL and methanol 15 mL [11, 12] . The medium was autoclaved at 121 • C for 20 min. Corn steep liquor and ammonium sulphate were autoclaved separately. Methanol was filter sterilized and added to the sterilized medium under aseptic conditions. The pH was adjusted to 6 using 5 M KOH or 5 M HCl prior to sterilization. The effect of the initial ammonium sulphate concentration at 0.2 and 0.04 g/L on fumaric acid production was also evaluated. The fermentations were incubated at 30 • C with an agitation rate of 180 rpm. The experiments were carried out in duplicates and the results represent the mean values.
Fumaric Acid Production Using Soybean Cake Hydrolysate
The effect of soybean cake hydrolysate, as substitute of commercial nitrogen sources, was evaluated by adding different FAN concentrations in the pre-culture medium. The pre-culture medium without the nitrogen sources was autoclaved at 121 • C for 20 min and then the filter-sterilized hydrolysate was aseptically added. Incubation conditions were described in Section 2.2. Subsequently, batch fermentations were conducted in shake flasks as mentioned in Section 2.3.
Analytical Methods
The TKN (total Kjeldahl nitrogen) concentration was measured using a Kjeltek™ 8100 distillation Unit (Foss, Hillerød, Denmark). Ash, lipid, acid detergent fibre (ADF), acid detergent lignin (ADL), and neutral detergent fiber (NDF) content of soybean cake were also determined [21, 22] . The results of ADL, ADF, and NDF were expressed as cellulose (ADF-ADL), hemicellulose (NDF-ADF), and lignin (ADL) content.
The enzyme activity of proteases during the SSF was determined according to the method reported by Kachrimanidou et al. [18] . Briefly, fermented solids obtained from SSF were mixed with citric acid-Na 2 HPO 4 (0.2 M, pH 6) buffer solution for the extraction of proteases. After centrifugation (3000× g, 4 • C, 15 min) extracts were used for the determination of enzymatic activities. Protease activity was quantified by the FAN production during hydrolysis of 7.5 g/L of casein at 55 • C. One unit of protease activity (U) was defined as the protease required for the production of 1 µg FAN in one minute at 55 • C and pH 6.0. The results were expressed as U/g of fermented solids.
FAN and IP concentrations were determined according to the ninhydrin colorimetric method and the ammonium molybdate spectrophotometric method, respectively [23, 24] .
An inductively-coupled plasma mass spectrometer (ICP-MS) (Thermo X-Series II, Thermo Fischer Scientific, Schwerte, Germany) was used for elemental determination of the soybean cake hydrolysate. Calibration curves with at least eight points in the range of 0.5-100 µg/L were prepared for 33 trace elements: Ar Cl, As, Ba, Be, Br, Ca, Cd, Co, Cu, Cr, Fe, Ga, Hg, In, K, Kr, Li, Lu, Mo, Mn, Mg, Na, Ni, P, Pb, S, Sb, Se, Sr, Ti, Tl, V, and Zn. The calibration curve with the highest correlation coefficient was used for each element.
Fumaric acid determination in culture broths was carried out via dilution with deionized water and 3 M H 2 SO 4 solution to dissolve the residual CaCO 3 and reduce the pH to less than 1.0, following heating at 80 • C until the broth become clear [25] . Suspensions were filtered and the biomass was washed with deionized water. Samples from the clear filtrate were obtained and sugar consumption, fumaric acid and other by-products were monitored by HPLC equipped with a Bio-rad Aminex HPX-87H column with 300 mm length and 7.8 mm internal diameter. A 10 mM H 2 SO 4 solution was used as mobile phase with 0.6 mL/min flow rate and 45 • C column temperature. The fumaric acid production was expressed as g/L. The yield was defined as grams of fumaric acid produced per gram of total glucose added to the fermentation medium.
The morphology of fungal biomass was monitored by image analysis software (Image-Pro Plus 7.0, Media Cybernetics, Warrendale, PA, USA) and the number of pellets or clumps as well as the mean diameter were determined. The mean diameter is defined as the average length of diameters measured at two degree intervals and passing through the centroid of the object. The data presented are the mean values of two replicates and error bars represent the standard deviation of those values (as calculated in Microsoft Excel).
Results and Discussion
The fungus R. arrhizus was studied in shake flask fermentations using two different pre-culture media in order to obtain two morphologies: pellets and uniformly-dispersed mycelia. The formation of pelletized biomass was initially carried out in flasks of 250 mL, but since the biomass was aggregated, baffled flasks of 1 L were employed in order to achieve pelletized biomass. Uniformly dispersed clumps were produced in a high-starch concentration medium, which led to a viscous liquid that inhibits the aggregation of the biomass of R. arrhizus.
The effect of the two types of morphologies on fumaric acid production was evaluated through submerged experiments using glucose as a carbon source. Moreover, the influence of ammonium sulphate was also assessed at 0.04 and 0.2 g/L initial concentrations. The formation of each morphology was studied by scanning the biomass at 48 h of each fermentation and the scanned images was processed by image analysis software.
Effect of Pelletized Mycelia on Fumaric Acid Production
The fumaric acid production using pelletized biomass of R. arrhizus is depicted in Figure 1 . The highest fumaric acid production of 7 g/L with a yield of 0.29 g/g and a productivity of 0.10 g/L × h −1 was produced at 0.04 g/L initial ammonium sulphate concentration ( Figure 1a) . Fumaric acid production, yield, and productivity were increased two-fold when the ammonium sulphate concentration increased to 0. The distribution of the pellets formed during fermentation containing 0.04 and 0.2 g/L of ammonium sulphate is shown in Figure 2 . The pellet diameter was mainly ranged from 0.25-1 mm and 0.25-1.5 mm, while the average pellet diameter was 0.37 mm and 0.46 mm in the case of 0.04 and 0.2 g/L ammonium sulphate concentration, respectively. The results from image analysis showed that a total number of 168 ± 22 cells/mL and 268 ± 2 cells/mL were formed at 0.04 g/L and 0.2 g/L initial concentration of ammonium sulphate, respectively. The initial concentration of ammonium sulphate seems to affect the metabolism of R. arrhizus, as the higher concentration enhanced fumaric acid production as well as the yield and the productivity. This could be related to the higher number of cells formed in the case of 0.2 g/L ammonium sulphate.
Pellet morphology has been utilised in several studies for fumaric acid production. Liao et al. [10] and Zhou et al. [11] have mentioned that fungal growth in pellet form enhanced fumaric acid production. Roa Engel et al. [13] optimised the conditions in order to achieve small uniform pellets of R. oryzae ATCC 20344 with diameter less than 1 mm and achieved 30.2 g/L fumaric acid with a yield of 0.28 g/g. Zhou et al. [11] found that pellet morphology of R. delemar NRRL 1526 produced higher concentration of fumaric acid (38.9 g/L) instead of suspended mycelia (31.8 g/L) using 100 g/L of glucose. The distribution of the pellets formed during fermentation containing 0.04 and 0.2 g/L of ammonium sulphate is shown in Figure 2 . The pellet diameter was mainly ranged from 0.25-1 mm and 0.25-1.5 mm, while the average pellet diameter was 0.37 mm and 0.46 mm in the case of 0.04 and 0.2 g/L ammonium sulphate concentration, respectively. The results from image analysis showed that a total number of 168 ± 22 cells/mL and 268 ± 2 cells/mL were formed at 0.04 g/L and 0.2 g/L initial concentration of ammonium sulphate, respectively. The distribution of the pellets formed during fermentation containing 0.04 and 0.2 g/L of ammonium sulphate is shown in Figure 2 . The pellet diameter was mainly ranged from 0.25-1 mm and 0.25-1.5 mm, while the average pellet diameter was 0.37 mm and 0.46 mm in the case of 0.04 and 0.2 g/L ammonium sulphate concentration, respectively. The results from image analysis showed that a total number of 168 ± 22 cells/mL and 268 ± 2 cells/mL were formed at 0.04 g/L and 0.2 g/L initial concentration of ammonium sulphate, respectively. The initial concentration of ammonium sulphate seems to affect the metabolism of R. arrhizus, as the higher concentration enhanced fumaric acid production as well as the yield and the productivity. This could be related to the higher number of cells formed in the case of 0.2 g/L ammonium sulphate.
Pellet morphology has been utilised in several studies for fumaric acid production. Liao et al. [10] and Zhou et al. [11] have mentioned that fungal growth in pellet form enhanced fumaric acid production. Roa Engel et al. [13] optimised the conditions in order to achieve small uniform pellets of R. oryzae ATCC 20344 with diameter less than 1 mm and achieved 30.2 g/L fumaric acid with a yield of 0.28 g/g. Zhou et al. [11] found that pellet morphology of R. delemar NRRL 1526 produced higher concentration of fumaric acid (38.9 g/L) instead of suspended mycelia (31.8 g/L) using 100 g/L of glucose. The initial concentration of ammonium sulphate seems to affect the metabolism of R. arrhizus, as the higher concentration enhanced fumaric acid production as well as the yield and the productivity. This could be related to the higher number of cells formed in the case of 0.2 g/L ammonium sulphate.
Pellet morphology has been utilised in several studies for fumaric acid production. Liao et al. [10] and Zhou et al. [11] have mentioned that fungal growth in pellet form enhanced fumaric acid production. Roa Engel et al. [13] optimised the conditions in order to achieve small uniform pellets of R. oryzae ATCC 20344 with diameter less than 1 mm and achieved 30.2 g/L fumaric acid with a yield of 0.28 g/g. Zhou et al. [11] found that pellet morphology of R. delemar NRRL 1526 produced higher concentration of fumaric acid (38.9 g/L) instead of suspended mycelia (31.8 g/L) using 100 g/L of glucose. Figure 3 illustrates the kinetic profile of glucose consumption, fumaric acid and by-products formation during the fermentation using dispersed mycelia of R. arrhizus. A final concentration of 19.7 g/L fumaric acid was produced in the case of 0.04 g/L ammonium sulphate (Figure 3a) . The corresponding yield and productivity were 0.84 g/g and 0.18 g/L × h −1 , respectively. Similar results were observed during the fermentation at 0.2 g/L ammonium sulphate (Figure 3b ). Particularly, a high fumaric acid production of 19.4 g/L was determined with a yield of 0.78 g/g and a productivity of 0.27 g/L × h −1 . In the case of fermentation using dispersed mycelia, only the productivity of fumaric acid was affected by the different initial concentration of ammonium sulphate. Figure 3 illustrates the kinetic profile of glucose consumption, fumaric acid and by-products formation during the fermentation using dispersed mycelia of R. arrhizus. A final concentration of 19.7 g/L fumaric acid was produced in the case of 0.04 g/L ammonium sulphate (Figure 3a) . The corresponding yield and productivity were 0.84 g/g and 0.18 g/L × h -1 , respectively. Similar results were observed during the fermentation at 0.2 g/L ammonium sulphate (Figure 3b ). Particularly, a high fumaric acid production of 19.4 g/L was determined with a yield of 0.78 g/g and a productivity of 0.27 g/L × h -1 . In the case of fermentation using dispersed mycelia, only the productivity of fumaric acid was affected by the different initial concentration of ammonium sulphate. These results suggest that the utilisation of dispersed mycelia of R. arrhizus was more effective in fumaric acid production as the final concentration was significantly increased when compared with the results presented in Section 3.1. The fungus was able to consume glucose with higher efficiency and the yield was increased by 40%. The opposite effect has been reported in the case of R. delemar NRRL 1526 [11] .
Effect of Dispersed Mycelia on Fumaric Acid Production
The distribution of dispersed mycelia diameter ( Figure 4 ) had wider range than the corresponding one of pellets. Specifically, in the fermentation with 0.04 g/L ammonium sulphate concentration, the cells diameter range was 0.25-2 mm with an average diameter of 0.86 mm ( Figure  4a ). When ammonium sulphate concentration of 0.2 g/L was utilised, the diameter of the dispersed mycelia was in the range of 0.25-1.5 mm and the average diameter was calculated at 0.43 mm ( Figure  4b ). The number of cells was determined as 58 ± 1 cells/mL at 0.04 g/L ammonium sulphate concentration and 332 ± 49 cells/mL at 0.2 g/L ammonium sulphate concentration. These results suggest that the utilisation of dispersed mycelia of R. arrhizus was more effective in fumaric acid production as the final concentration was significantly increased when compared with the results presented in Section 3.1. The fungus was able to consume glucose with higher efficiency and the yield was increased by 40%. The opposite effect has been reported in the case of R. delemar NRRL 1526 [11] .
The distribution of dispersed mycelia diameter ( Figure 4 ) had wider range than the corresponding one of pellets. Specifically, in the fermentation with 0.04 g/L ammonium sulphate concentration, the cells diameter range was 0.25-2 mm with an average diameter of 0.86 mm (Figure 4a ). When ammonium sulphate concentration of 0.2 g/L was utilised, the diameter of the dispersed mycelia was in the range of 0.25-1.5 mm and the average diameter was calculated at 0.43 mm (Figure 4b ). The number of cells was determined as 58 ± 1 cells/mL at 0.04 g/L ammonium sulphate concentration and 332 ± 49 cells/mL at 0.2 g/L ammonium sulphate concentration. Figure 3 illustrates the kinetic profile of glucose consumption, fumaric acid and by-products formation during the fermentation using dispersed mycelia of R. arrhizus. A final concentration of 19.7 g/L fumaric acid was produced in the case of 0.04 g/L ammonium sulphate (Figure 3a) . The corresponding yield and productivity were 0.84 g/g and 0.18 g/L × h -1 , respectively. Similar results were observed during the fermentation at 0.2 g/L ammonium sulphate (Figure 3b ). Particularly, a high fumaric acid production of 19.4 g/L was determined with a yield of 0.78 g/g and a productivity of 0.27 g/L × h -1 . In the case of fermentation using dispersed mycelia, only the productivity of fumaric acid was affected by the different initial concentration of ammonium sulphate. These results suggest that the utilisation of dispersed mycelia of R. arrhizus was more effective in fumaric acid production as the final concentration was significantly increased when compared with the results presented in Section 3.1. The fungus was able to consume glucose with higher efficiency and the yield was increased by 40%. The opposite effect has been reported in the case of R. delemar NRRL 1526 [11] .
The distribution of dispersed mycelia diameter ( Figure 4 ) had wider range than the corresponding one of pellets. Specifically, in the fermentation with 0.04 g/L ammonium sulphate concentration, the cells diameter range was 0.25-2 mm with an average diameter of 0.86 mm ( Figure  4a ). When ammonium sulphate concentration of 0.2 g/L was utilised, the diameter of the dispersed mycelia was in the range of 0.25-1.5 mm and the average diameter was calculated at 0.43 mm ( Figure  4b ). The number of cells was determined as 58 ± 1 cells/mL at 0.04 g/L ammonium sulphate concentration and 332 ± 49 cells/mL at 0.2 g/L ammonium sulphate concentration. The dispersed mycelia formation of R. arrhizus has been efficiently utilised in fermentations for fumaric acid production by Rhodes et al. [6, 17] . The dispersed mycelia of the fungus R. arrhizus has been previously cultivated in bioreactors, producing high concentrations (73-107 g/L) of fumaric acid with yields ranging from 0.72 g/g to 0.82 g/g using glucose as carbon source [6, 8, 26] . The small and uniform mycelial clumps led to higher fumaric acid production than compact pellets maybe due to better oxygen transfer [12] .
The potential of the dispersed mycelia fungal morphology to produce high concentrations of fumaric acid was evaluated at fermentations containing higher glucose concentration. Figure 5 The dispersed mycelia formation of R. arrhizus has been efficiently utilised in fermentations for fumaric acid production by Rhodes et al. [6, 17] . The dispersed mycelia of the fungus R. arrhizus has been previously cultivated in bioreactors, producing high concentrations (73-107 g/L) of fumaric acid with yields ranging from 0.72 g/g to 0.82 g/g using glucose as carbon source [6, 8, 26] . The small and uniform mycelial clumps led to higher fumaric acid production than compact pellets maybe due to better oxygen transfer [12] .
The potential of the dispersed mycelia fungal morphology to produce high concentrations of fumaric acid was evaluated at fermentations containing higher glucose concentration. 
Enzymatic Hydrolysis of Soybean Cake
As depicted in Table 2 , soybean cake is rich in protein thus it could be utilised as an alternative raw material for producing a nutrient-rich feedstock for microbial fermentations. The fungal strain A. oryzae was selected in the present study due to the efficient production of proteolytic enzymes on various substrates [18, 20, 27] . The initial moisture content and pH value have been optimised in previous studies [18, 20] , thus the SSF on soybean cake was employed at an initial moisture content of 65% and uncontrolled pH. The kinetic profile of proteolytic activity during the SSF on soybean cake was evaluated and it is presented in Figure 6 . The proteolytic activity increased during the fermentation reaching up to 205 U/g at 70 h. The SSF was utilised for hydrolysis process, when the proteolytic activity had reached the maximum value. 
As depicted in Table 2 , soybean cake is rich in protein thus it could be utilised as an alternative raw material for producing a nutrient-rich feedstock for microbial fermentations. The fungal strain A. oryzae was selected in the present study due to the efficient production of proteolytic enzymes on various substrates [18, 20, 27] . The initial moisture content and pH value have been optimised in previous studies [18, 20] , thus the SSF on soybean cake was employed at an initial moisture content of 65% and uncontrolled pH. The kinetic profile of proteolytic activity during the SSF on soybean cake was evaluated and it is presented in Figure 6 . The proteolytic activity increased during the fermentation reaching up to 205 U/g at 70 h. The SSF was utilised for hydrolysis process, when the proteolytic activity had reached the maximum value. The hydrolysis of soybean cake was carried out at different temperatures in the range of 40 °C to 55 °C ( Figure 7 ). The activity of proteases was enhanced at 45 °C during the hydrolysis of 50 g/L soybean cake, producing about 1.4 g/L FAN (free amino nitrogen) at 28 h of hydrolysis (Figure 7a ). The IP production was similar at the different temperatures of hydrolysis reaching up to 113 mg/L at 45 °C (Figure 7b) . The results showed that soybean cake was effectively hydrolysed by the proteases produced during SSF by A. oryzae. In particular, a TKN to FAN conversion yield of 43% was achieved.
Kachrimanidou et al. reported FAN production of around 0.6 g/L and 1.5 g/L at 45 °C when crude proteolytic enzymes of A. oryzae were employed for the hydrolysis of 45 g/L and 90 g/L of sunflower meal, respectively, using an initial proteolytic activity of 6.4 U/mL [18] . Higher FAN production of 2.3 g/L was achieved when the initial proteolytic activity increased to 16 U/mL [18] . Tsouko et al. achieved 451.6 mg/L FAN concentration and 161.3 mg/L IP concentration during hydrolysis of 98.7 g/L of palm kernel cake at 50 °C, using 6 U/mL initial proteolytic activity produced by A. oryzae [27] . The high FAN production obtained in this study was due to the high protein content of the soybean cake. 
Fumaric Acid Production Using Soybean Cake Hydrolysate
The potential utilization of soybean cake hydrolysate as nutrient and nitrogen source for fumaric acid production by R. arrhizus strain was evaluated using dispersed mycelia morphology. The study The hydrolysis of soybean cake was carried out at different temperatures in the range of 40 • C to 55 • C (Figure 7 ). The activity of proteases was enhanced at 45 • C during the hydrolysis of 50 g/L soybean cake, producing about 1.4 g/L FAN (free amino nitrogen) at 28 h of hydrolysis (Figure 7a ). The IP production was similar at the different temperatures of hydrolysis reaching up to 113 mg/L at 45 • C (Figure 7b) . The results showed that soybean cake was effectively hydrolysed by the proteases produced during SSF by A. oryzae. In particular, a TKN to FAN conversion yield of 43% was achieved.
Kachrimanidou et al. reported FAN production of around 0.6 g/L and 1.5 g/L at 45 • C when crude proteolytic enzymes of A. oryzae were employed for the hydrolysis of 45 g/L and 90 g/L of sunflower meal, respectively, using an initial proteolytic activity of 6.4 U/mL [18] . Higher FAN production of 2.3 g/L was achieved when the initial proteolytic activity increased to 16 U/mL [18] . Tsouko et al. achieved 451.6 mg/L FAN concentration and 161.3 mg/L IP concentration during hydrolysis of 98.7 g/L of palm kernel cake at 50 • C, using 6 U/mL initial proteolytic activity produced by A. oryzae [27] . The high FAN production obtained in this study was due to the high protein content of the soybean cake. The hydrolysis of soybean cake was carried out at different temperatures in the range of 40 °C to 55 °C ( Figure 7 ). The activity of proteases was enhanced at 45 °C during the hydrolysis of 50 g/L soybean cake, producing about 1.4 g/L FAN (free amino nitrogen) at 28 h of hydrolysis (Figure 7a ). The IP production was similar at the different temperatures of hydrolysis reaching up to 113 mg/L at 45 °C (Figure 7b) . The results showed that soybean cake was effectively hydrolysed by the proteases produced during SSF by A. oryzae. In particular, a TKN to FAN conversion yield of 43% was achieved.
The potential utilization of soybean cake hydrolysate as nutrient and nitrogen source for fumaric acid production by R. arrhizus strain was evaluated using dispersed mycelia morphology. The study 
The potential utilization of soybean cake hydrolysate as nutrient and nitrogen source for fumaric acid production by R. arrhizus strain was evaluated using dispersed mycelia morphology. The study focused on the replacement of the commercial nitrogen sources of the preculture by the soybean cake hydrolysate. Figure 8 presents the results during fermentation of R. arrhizus using 50 g/L initial glucose concentration and 0.2 g/L initial ammonium sulphate concentration. The preculture was conducted by substituting urea and peptone with soybean cake hydrolysate at initial FAN concentrations of 200 mg/L (Figure 8a ) and 400 mg/L (Figure 8b) . The results showed that the substitution of peptone and urea by the soybean cake hydrolysate influenced positively fumaric acid production. Particularly, the highest fumaric acid concentration of 33 g/L was achieved, when the initial FAN concentration of soybean cake was 200 mg/L. The corresponding yield was 0.69 g/g and the final productivity was 0.19 g/L × h −1 .
focused on the replacement of the commercial nitrogen sources of the preculture by the soybean cake hydrolysate. Figure 8 presents the results during fermentation of R. arrhizus using 50 g/L initial glucose concentration and 0.2 g/L initial ammonium sulphate concentration. The preculture was conducted by substituting urea and peptone with soybean cake hydrolysate at initial FAN concentrations of 200 mg/L (Figure 8a ) and 400 mg/L (Figure 8b) . The results showed that the substitution of peptone and urea by the soybean cake hydrolysate influenced positively fumaric acid production. Particularly, the highest fumaric acid concentration of 33 g/L was achieved, when the initial FAN concentration of soybean cake was 200 mg/L. The corresponding yield was 0.69 g/g and the final productivity was 0.19 g/L × h -1 . The fumaric acid production was improved when soybean cake hydrolysate was utilised as nitrogen source. The beneficial effect of commercial soybean peptone on the morphology of R. oryzae ATCC 20344 and R. oryzae NRRL 1526 has been reported in other studies [10, 11, 14] . Zhang et al. [12] showed that chemical hydrolysate derived from soybean meal can be utilised in the pre-culture medium of R. oryzae ATCC 20344 for fumaric acid production. Particularly, the utilisation of soybean meal hydrolysate led to 50 g/L fumaric acid production using 80 g/L glucose as carbon source, with a yield of 0.72 g/g and 0.36 g/L × h -1 productivity [12] . The fumaric acid production was improved when soybean cake hydrolysate was utilised as nitrogen source. The beneficial effect of commercial soybean peptone on the morphology of R. oryzae ATCC 20344 and R. oryzae NRRL 1526 has been reported in other studies [10, 11, 14] . Zhang et al. [12] showed that chemical hydrolysate derived from soybean meal can be utilised in the pre-culture medium of R. oryzae ATCC 20344 for fumaric acid production. Particularly, the utilisation of soybean meal hydrolysate led to 50 g/L fumaric acid production using 80 g/L glucose as carbon source, with a yield of 0.72 g/g and 0.36 g/L × h −1 productivity [12] . The fumaric acid production was improved when soybean cake hydrolysate was utilised as nitrogen source. The beneficial effect of commercial soybean peptone on the morphology of R. oryzae ATCC 20344 and R. oryzae NRRL 1526 has been reported in other studies [10, 11, 14] . Zhang et al. [12] showed that chemical hydrolysate derived from soybean meal can be utilised in the pre-culture medium of R. oryzae ATCC 20344 for fumaric acid production. Particularly, the utilisation of soybean meal hydrolysate led to 50 g/L fumaric acid production using 80 g/L glucose as carbon source, with a yield of 0.72 g/g and 0.36 g/L × h -1 productivity [12] . The formed pelletized biomass and dispersed mycelia used in this study are presented in Figure 9 . Although the significant differences found in morphology during image analysis, between the fermentations with commercial nitrogen sources (Figure 9a,b) and soybean cake hydrolysate (Figure 9c) , the results indicated that fumaric acid production was also significantly affected by the nutritional parameters. Specifically, the dispersed mycelia was more uniform in fermentation with commercial nitrogen sources (Figure 9b ) than soybean cake hydrolysate (Figure 9c ), but the addition of soybean cake led to the highest fumaric acid production. ICP-MS analysis was performed in order to study the composition of soybean cake hydrolysate. The results showed that the hydrolysate was rich in microelements such as Mg (41.9 mg/L), Ca (11.5 mg/L), Fe (7.4 mg/L), and Zn (1.8 mg/L). Additionally, lower quantities (less than 0.2 mg/L) of Mn was detected.
Conclusions
The present study focused on the impact of the different morphologies on the fumaric acid production by the fungal strain R. arrhizus. The effect of fungus morphology on the fumaric acid production using different Rhizopus strains and on other microbial products such as citric acid [28] has been studied in the past, but there is not any published research regarding the impact of R. arrhizus NRRL 2582 morphology on fumaric acid production. The biomass in the form of pellets and dispersed mycelia was produced and utilised in a synthetic medium for fumaric acid production. The results showed that uniformly dispersed mycelia led to higher fumaric acid concentrations and yields, compared with the results obtained using the pelletized biomass. Additionally, ammonium sulphate concentration in the fermentation medium had a key role in the metabolism of R. arrhizus, since the productivity was significantly improved at higher concentrations of ammonium sulphate. The potential substitution of commercial nitrogen sources by an enzymatic soybean cake hydrolysate was also evaluated. The soybean cake hydrolysate was effectively utilised by dispersed mycelia for high production of fumaric acid. This study demonstrated that agro-industrial biomass could be valorised for the sustainable biotechnological production of platform chemicals such as fumaric acid.
